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SUMMARY

Goodycar Acrospace Corporation (GAC) was awarded U.S. Army Contract
DA19-129-AMC-857(N) to perform an cxploratory investigation of a BAL-
LUTE® flexible rotor system for a low-altitude airdrop mission. In this
concept the BALLUTE extracts the rotor and payload, and induces initial
spin into the rotor; then the inflatable fabric rotor system decelerates the
cargo to the required impact velocdity,

The evaluation of the BALLUTE-fiexible rotor system was performed in a
series of dependent steps. A definition of the system concept as required by
this application was first cstablished and then a detailed design of the system
components was generated. The final phase determined the design weights
of the BALLUTE and rotor system. Existing performance data and state-of-
the-art structural analysis techniques were used in evaluating the final size
and weight tradeoffs,

The rotor was studied only as a drag device; its basic L/D (glide) capability
was not considered. One reason for neglecting the forward flight ability is
the requirement for a highly complex mechanism to control blade pitch angle.
The only advantage in having a glide capability is the ability to fly the cargo
to a desired touchdown point., At this time the low-altitude requirement re-
stricts the distance of forward flight to a minimum. These two reasons have
eliminated L/D from further consideration.

The results of this study indicate that the delivery of cargo payloads from
2,000 to 35,000 lb can be accornplished without exceeding a gross weight al-
lowance of 20 percent for rotor system weight. A majority of the payloads
can be delivered at a weight penalty of less than 15 percent. Payloads greater
than 8, 000 lb must descend at a velocity greater than the required 22-fps land-
ing speed value. To meet the required impact value, a "flare" maneuver must
be performed. During the flare, the blade's angle of attack is increased to
produce more lift and then the cargo is decelerated to the proper impact ve-
locity., Experimental investigation with a 5-ft diameter inflatable model was
conducted and demonstrated small-scale functional feasibility of flexible ro-
tors for vertical-descent autorotative applications.

While this exploratory study provided analytical data indicating full-scale
feasibility, further experimental verification clearly is required to prove the
validity of assumptions made.

3TM, Goodyear Aerospace Corporation, Akron, Ohio. Citation of the regis-
tered trademark BALLUTE in this report does not constitute an official en-
dorsement or approval by the Government of the BALLUTE.
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SUMMARY

Three significant factors to be established deal with (1) the transient spin-up
time required by the rotor to reach its steady autorotative state, (2) the ef-
fect of gyroscopic motion of the rotating system. Since the rotational mo-
tion of the rotor will restrict the rate of change of its flight path angle, the
possibility exists that the rate of ctange of the cargo's flight path angle will
be greater than that of the rotor and result in the cargo colliding with the
rotor. A suitable coupling between the rotor and the cargo to prohibit the
relative motion of one to the other is required, and (3) the motion of the rotor
after the cargo has made impact. While the rotor is more likely to fall away
from the payload, the possibility exists that the rotor will descend vertically
and fall on the cargo.

In conclusion, further exploratory design and verification in these perform-
ance areas is needed to properly assess the rotor concept's applicability to
meet the subject application.
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SECTION I - INTRODUCTION

The primary function of airdrop in the Army mission is surprise assault by
mass air transport of men and equipment. The requirement for surprise
dictates minimum reliance on drop zone improvement. The requirement for
mass transport demands airdrop system reliability, simplicity, and economy.
The ideal airdrop system concept could be defined therefore, as that concept
which realizes the advantages of low-altitude airdrop with minimum compro-
mise of the above requirements.

Low-altitude airdrop from heights under 500 ft is desirable because of its po-
tential for improvement in drop accuracy and in reduction of aircraft vulner-
ability to hostile action. In addition to replacing the present 1500-ft cargo
drop altitude, the requirement to investigate, in a more complete manner, a
possible improved delivery method was established. A more complete evalu-~
ation consists of not only functional feasibility studies, but also considering
other operating suitability characteristics such as reliability, environmental
cffects, and logistics. Other considerations include such nonoperating charac-
teristics as cost, maintenance, training requirements, human factors, han-
dling, and readiness for operation.

The preliminary investigation of the BALLUTE-flexible rotor has been di-
rected toward a system design compatible with the requirements for 2 low-
altitude airdrop system for supplies and equipment weighing from 2000 to
35,000 Ib. The designation of low altitude for the airdrop mission stipulates
a drop initiation point relative to the ground of 500 ft or less. As indicated,
the concept is comprised of two basic components designed to fulfill their re-
spective requirements. The BALLUTE extraction system will produce a
maximum extraction force of 1.5 g's at aircraft velocities of 110 to 150 knots,
at altitudes relative to sea level up to 5500 ft. The rotor system has been de-
signed to satisfy a sea level vertical impact velocity of 22 fps.

Experimental investigations have demonstrated the feasibility of inflatable
fabric rotors for autorotative applications. In addition to the packaging capa-
bility, the inflatable rotor offers the ability to change rotational energy through
a flare maneuver into a form that will reduce the impact velocity to a value
lower than that experienced at steady-state terminal descent conditions. The
intent of this study has been to establish design criteria that would provide
projected weight and anticipated system operating characteristics.

Evaluation of the concept to utilize an autorotating decelerator for the low-
altitude delivery of military cargo was performed for both the functional and
operational aspects of the system. The objectives of the functional analysis
were to determine the performance characteristics and to evaluate the con-
ceptual design, Operational considerations were used to establish the rea-
sonable and acceptable extremes as applied to this specific mission, Relia-
bility, ground handling, and maintenance then were considered for the re-
maining operating regime.

-3-
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SECTION II - SYSTEMS DESIGN AND FUNCTIONAL ANALYSIS

GENERAL

The exploratory development of the inflatable rotor system for the air-
drop mission was performed in a series of discrete steps. As with any
development program, a definition of the system concept and the function
of various components has been established and can be found in Item 2.
After formulating the conceptual design, it was necessary to establish
size criteria based on state-of-the-art performance data. These data are
presented in Item 3. The detailed design analysis of the various system
components then was performed to establish projected weight informa-
tion and limitations that might restrict the use of the system for this
application.

Final weight and size determination evaluation can be found in Item 4.
CONCEPTUAL DESIGN
Evaluation

Presented in other sections of this document are the various theoretical
performance characteristics that can be obtained with a BALLUTE and a
rotating decelerator. The practical limitations of the concept for this
application are dictated by the personnel responsible for the handling and
preparation of the systems. In order to evaluate the concept, therefore,
the system and the requirements for preparing it prior to the airdrop
operation must be described.

Deployment Sequence

The deployment sequence selected as the most applicable for this initial
study is presented in Figure 1. The deployment sequence is initiated by
the release of a small pilot chute from its attachment point on the ceiling
of the aircraft cargo compartment. Upon release, the chute pack falls
through the doorway and into the airstream. Once in the air, aerody-
namic forces remove the bag from the chute, thus allowing the chute to
inflate.

The chute then extracts a package that contains the BALLUTE and rotor
system. This package moves rearward, out the door, and into the air-

stream.

As this package reaches the end of the riser line attached to the cargo,

-5




SECTION 1I - SYSTEMS DESIGN AND FUNCTIONAL ANALYSIS

ond onnd umd

a lanyard becomes tight and pulls a pin from a time -delay, reefing -line
typec cutter located at the front of the blade deployment bag, Then the
riser becomes tight from the pull of the pilot chute; the drag force is
concentrated on the BALLUTE deployment bag. The appropriate re-
straints between the BALLUTE deployment bag separates and deploys
the BALLUTE. As soon as the BALLUTE is in the airstream, inflation
begins, When full inflation is approached, rotation begins and within a
predetermined amount of time the system is at the maximum rotational
velocity, When the required l, 5-g extraction force is obtained, the
cargo begins to move out of the aircraft,

b

i As the cargo is moving through the aircraft, the BALLUTE reaches its

¥ maximum rotational velocity and the previously initiated rotor bag re -
lease cutter fires, starting blade deployment, As the deployment of the
blades begins, the cargo is passing across the door, and the static line
releases the extraction force from the extraction attachment point on
the platform. The actual load on the riser at this time is relatively small,
resulting from the release of the BALLUTE for blade deployment,

When the deployment bag and rotor hub are at a predetermined separa-
tion distance, a lanyard connected to the initiator pin of the pyrotechnic
manifold release valve is pulled, As the pin is removed, the pyrotechnic
charge fires and severs a diaphragm located in the manifold assembly,
The air in the storage bottles then is released into the blades,

During the time that the blades are being deployed and inflated, the car-
go leaves the door and undergoes a free -flight condition until the blades
are completely deployed, As the deployment bag leaves the bladetips,
the rotational energy induced by the rotating BALLUTE takes over and
the centrifugal force generated throws the blade tips outward., The com-
bination of this initial torque and aerodynamic forces accelerate the
blades to their steady-state autorotating condition. The accelerating
force on the blades reduces the system velocity to an intermediate or
terminal descent velocity,

Prior to ground impact of the descending system, a flare maneuver, if
required, is initiated to further decrease the descent velocity, Flare
would be initiated by a ground-sensing probe; the exact location and at-
tachment would be determined during a development program, When the
probe would touch the ground, a signal would be transmitted to the rotor
blade tips and an appropriate cutter device would be activated to release
restraint at the blade tips, allowing a change in the angle of the attack,
@, The airdrop item then would impact at 22 fps.

i Eliminating the flare maneuver was another recovery method considered.
' This could be accomplished with larger rotor blades (relative to a given
payload weight) to lower the design terminal velocity of the descending

-6~
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SECTION 1l - 3YSTEMS AND CLIONAL ANA

system to thoe required 22 fpa mintimum, The advantage would be one
lean wequencing stage and lown doaign complexity, The original purpose
of the flare maneuver was to reduce the blade sine and hence the weight,
Subaequent weight studios of payloada greater than 8000 1b indicated a
aignificant weight saving by using a flare mancuver, Studies for poy-
load weights botween 2000 and 8000 1b indicated the flare aystem woight
saving of only about two percent and hence justifies utilising the system
without flare to deliver the amaller payloads becaune of ita aimplicity,

The changea that were made in the present parachute system include re-
placing tho parachute extraction device with a BALLUTE and the main
parachutvs with a rotor blade aystem, One feature of thia system not
uned with moat oxisting systems is the requirement for a amall pilot
chute to doploy the BALLUTE,

Preaented in Table I are the anticipated times that will be experienced
during the drop operation, The values are relative to the release of the
pilot chute, The valuvs are reasonable approximations of the values

that would be necessary for successful operation of the ayiatem as applied
to the low=altitude miuaion,

TABLE ] - ANTICIPATED TIMING OF EVENTS

p———————

Event Time (sec)
Initiation of command signal (3-ft pilot
drogue reloased from aircraft ceiling) 0
Three ~foot drogue reaches "line =stretch"
and begina to extract rotor package 0.4¢
BALLUTE rotor package reaches "line-
stretch" 0.6

Drogue chute strips off bag and BALLUTE
reaches full inflation (cargo leaves door)

Blades completely deployed and inflated

@ v -
F S S N

Blades at steady -state conditions

Further description of the BALLUTE and rotor are given in Items 3 and
4,

BALLUTE Description

In general, a BALLUTE is a woven-fabric ram-air -inflated pressure

-9.




« SYSTE DESIGN AND FUNCTIONAL ANALYSIS

veusel of inotennoid denign, The basic principle underlying the operation
of the BALLUTE {w that the ram-air inlot oriented into the airflow allows
internal prevasurination of the body to a lovel aqual to the aum of the
dynamic and ambient pressurcas of the flow, This internal prossure act-
ing normal to the mombrane {s alwaya greater than 4 combination of the
axtornal ambient pressure and the dynamic forces that act extornally and
obliquely on the membrane, The inflated shape dotorminos the effoctivity
of the BALLUTE aun a stable drag device, Proesunted {n Figure 2 s a
picture of a presvntly developed BALLUTE, The inflated structure in
primarily pear-shapoed excopt for the large circumferential burble "fence"
at, or just aft of, the maximum diametor. Ram air cnters through a
sericd of symmetrically located side inlets or through a single large nose
inlet, The fence iu inflated through numorous small ports located around
the decelerator proper and beneath the vnvelope of the fabric fonce, The
inflated height of tho fence is upto 10 percont of the maximum inflated
diameter of the model,

For application to this program, a modification will be incorporated into
the burble fence so that the BALLUTE will spin, Figure 3 shows a spin-
ning BALLUTE in free fall, This demonasatration model shows the seg-
mented burble fence that imparts the apin, Because this BALLUTE {a
stable, the canted segments are maintained at a conatant angle of attack,
Since each segmeant has a constant lift -to-drag ratio, the spin rate will

be directly proportional to velocity of the air impinging on the BALLUTE,
The resultant rotational energy will be transferred to the rotor package
through a geodesically arranged attachment riser, A representation of
this method can be found in Figure 1,

At this time a parachute type device has been excluded from evaluation
due to certain advantages of the BALLUTE, Its stability in an aircraft's
wake while closely coupled is of major importance, This stability also
is important to the anticipated deployment sequence deacribed in this
section, Experience has shown that the BALLUTE opening shock can be
minimized with proper design to achieve a gradual drag buildup to a
maximum at full inflation. Gradual drag buildup minimizes shock loads
to the aircraft.

In addition to providing the required drag for extraction, the addition of
vanes to the periphery of the BALLUTE makes it capable of autorotating
so that the proper rotation energy is obtained to spin the packed rotor
blades for their subsequent deployment. Because of the low -altitude
requirement, the transient spin-up deployment time clearly must be
minimized, Here again the BALLUTE's performance capability appears
to be superior to a spinning parachute because it not only is capable of
producing larger magnitudes of torque, but also develops this torque in
a more repeatable manner, Forecasting higher torque values is based
upon the fact that both the vanes and the basic BALLUTE envelope struc-
ture are nonporous. This results first in higher aerodynamic pressure

-10-




SECTION Il - SYSTEMS DESION AND FUNCTIONAL ANALYSIS

Figure 2 - Conventional BALLUTE Configuration
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SECTION Il - SYSTEMS DESIGN AND FUNCTIONAL ANALYSIS

Figure 3 - Rotating BALLUTE Configuration
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SECTION Il - SYSTEMS DESIGN AND FUNCTIONAL ANALYSIS

=

coupling forces being developed, Second, more repeatable performance
is achieved because of the inherent "shape -retention" qualities that stem
from the isotensoid designed geometry and the nonporous material,

These two characteristics result in the device acting as a closed-pressure
vessel, which in turn provides the shape retention of a nearly rigid-
based structure,

Size and weight analyses are contained in Items 3 and 4, respectively,

Rotor Description

Design drawings were prepared that illustrate the various components of
the rotor system, Two designs - one with the flare maneuver and one
without - were examined, and the configuration differences of each were
determined, Figures 4 and 5 present the anticipated design for vertical
descent without flare (Configuration I) and that with flare (Configuration
I1), respectively. If it is assumed that both configurations have the same
diameter, then with the increased disk loading to be experienced with
Configuration Il (higher terminal descent velocity), the hub and blade
will require more structural strength to carry the larger loads. In
general, the system is comprised of the blades, the air storage bottles,
hub, bearing clevis attachment eye, pyrotechnic manifold release valve,
and tubing required to transfer the air from the storage botties through
the manifold into the blades,

The represented system contains four blades. The reasons for this are:

1. To eliminate undesirable vibratory problems experienced
with a two -bladed system

2. From Reference 2, more efficient performance will be
experienced with four blades for a 10-percent solidity

3. For a given diameter, air storage bottle size decreases
with an increase in the number of blades, thus decreas-
ing the system weight

4, If damage to one blade would be experienced during
descent, the more remaining blades there are, the
better the possibility of delivering the load undamaged

A detail of the blade cross section is shown to indicate the contour ob-
tained with the AIRMAT? structure. The additional plies of material at
the blade's leading edge are required to ensure that the mass axis and
aerodynamic center are ahead of the forward quarter chord.

aTM. Goodyear Aerospace Corporation, Akron, Ohio, Citation of the regis-
tered trademark AIRMAT in this report does not constitute an official en=-
dorsement or approval by the Government of AIRMAT material,
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SECTION Il - SYSTEMS DESIGN AND FUNCTIONAL ANALYSIS

The leading edge must be strengthened if the blade is to be aerodynam-
ically stable. The detail of the hub assembly is shown for both Con-
figurations I and II. A comparison of the two hubs will indicate that the
hub for Configuration II contains a larger bearing and thicker structure
for the spider and root attachment fittings, The reason for this is due

to an increase in disk loading, which results in an increase in tip veloc -
ity. The increase in tip velocity results further in an increase in centri-
fugal forces, and thus an increase in the amount of material required to
carry the load. With the increased disk loading, the payload weight will
also increase; thus the requirement for larger bearing,

The air storage bottles required for inflation are located at the blade
roots (the point where the blade attaches to the hub), Tubing is attached
from each bottle tc the centrally located manifold valve. A second duct
of tubing connects the manifold to the blade. Although not shown in de -
tail, a diaphragm is located inside this manifold between the inlet ports
from the bottles and the outlet ports to the blades; a pyrotechnic charge
punctures the diaphragm. The charge is initiated by extracting a firing
pin with a lanyard attached to the blade pack. A quick-disconnect on one
of the pressure bottle tubes is provided as a means of pressurizing the
storage bottles,

To provide a bearing surface at the blade -root pivot, a split teflon collar
is installed over the pressure bottle, The required amount of fabric then
is wrapped around the teflon sleeve and attached to the upper and lower
surfaces of a blade, The ends of the bottles also are designed to be the
attachment points to the hub spider, This allows interchangeability of
the blades if darnage should result during use,

A feature required for Configuration II is the daisy chain arrangement

at the blade tip, This restraint forces a predetermined amount of camber
into the blade tip, so that when severed by a pyrotechnic cutter, the aero-
dynamic forces acting on the blade force it to a new increased angle of
attack, initiating the flare maneuver, The ground proximity device re-
quired to initiate the flare is not shown on the drawing of Configuration

11,

The method used in determining rotor sizes is contained in Item 3, The
structural analysis required for weight determination is contained in
Item 4,

FUNCTIONAL PERFORMANCE

BALLUTE Size Determination

The method used in establishing the various BALLUTE diameters re-
quired to develop the 1.5-g force is covered in this section, The gen-
eralized equation used is

-14-
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ll‘m LIRY) t‘:“i\ . (1)
whepe
»  ® LAY W s extraction loree
W & extravisd lvad
q8 ' 2p Vﬁ
V‘ ® initial deployment velocity
CDD u deag coetficiont relative Lo A

1)
(D))"
A a Lﬁ- » BALLUTE arva where Dp iy

the diametur af the baaic envelope at its
maNimum section,

From the atatement of work, extraction velocity will be from 110 to 180
knota at altitudens from 300 to 8800 ft above sea level, Taking a naminal
average value for design purposes of 130 knota, the dynamic presnure, q,
waa calculated, The denaity, p, used in determining q was that denaity
experionced at 300 ft abhove soa level. With a lower density of air to be
encounterod at 8800 ft above nea level, the oxtraction force would be re-
duced to 1,29 g's, Thia difference in g load in a function of the ratio of
the ailr densities at the two altitudes: p at 300 £t = 0,00234 alugs/cu ft,
and at 8800 ft, » = 0,00201 slugs/cuft, According to Cherncwite and
DeWeose, 7 a minimum extraction force of | g is required tu prevent top-
pling and inatability of the cargo as it leaves the door, Since the mini-
mum I8 met at 4800 ft, the oxtraction device ia designed for 1.9 g's at
500 ft. For preliminary deaign, a Cpy  of 0,8 is uned which is practical

for a nonrotating BALLUTE, Fxperience indicatea that a aignificant in-
crease in Gy will be encountered for a rotating configuration, Pre-

sonted in Tub?u Il ave RALLUTE diametoras for various extracted loada
with the diameters being rounded to the nearest fuot,

Rotar Size Criteria

The performance characteriatics of an autorotating rotary wing decelers
ator have hoon established through years of extenaive teating and analyti-
cal offorts, The results have formulated certain relationships betweendes -
cent velocity, VD' blade solidity, e, pitch angle, 0, and blade tip velocity,

-19a
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FEAST HE - W thn stEmES IO TEET M T o4 L L e hben aean Vo . Y S.mzeEoiian L
L

Load, W Dinmnter, Dl\

Load gtem o UMb
| 4, 000 9
k] 4, 0D 14
| N, 000 19
4 12, %00 d
L) 17,000 n
6 21, %00 10
7 36, 000 1
8 30, %00 3
9 38,000 40

V.r. The relationship betwevn the advance ratio, A , (ratio of vertical
deacoent velocity, VD' and tip veloeity, V) and rotor drag coefficient,
CDR' {# the most pertinent for preliminary rotor design, Referring to
the Cpp voraua A curve in Figure 6, the maximum conaervative value
of CDR that can be employed ix |, 38 ata A of 0,08% foraae » 0,10,

By definition
Plade area Eb; (2)
9 = otor dia arcu' R *

From Figure 6 for solidities groater thun 10 percent, a amall increase
in CDR weuld be vxpurienced, This amall increase would not compensate

for the large increaso in blade weight for a largerao.

By definition, diak loading, WD. is
, W 2.

where p is air density in slugs/cu ft,
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For aea lovel conditions and CDR a |, iH,
)
Wi, & 0,0016 Vi© (4)

Prouented in Figure 7 {a the performance curve or opetrating rogime of
An autorotating rotor syatem bawed on Equation 4, From this plot for the
requirement of X2 fps impact velocity, a disk loading of 0, 8 puf {s utipu-
lated, The correuponding tip velogity is 260 fps for A = 0,083, From
the definition of disk loading W/®R*, the range of rotor radii required
for the range of 2000 to 3%,000-1b payload weights can be genvrated,
Prosented {n Table Ill are the rotor diamoters tor nine load {teme, The
range of loads have bven choson arbitrarily and approximate an increase
of one G=11A type parachute per atep, The values are catablished for
the diak loading of 0, 8 puf,

TABLE Il - RESPECTIVE ROTOR DIAMETERS (NO FLARE)

Rotor

Load Grosa weight, W diameter
Item (1b) (ft)

l 2, 000 60

M 4, 000 80

3 8, 000 110

4 12, 500 140

5 17, 000 160

6 21, 500 180

7 26, 000 200

8 30, 500 220

9 35,000 240

The effect of increased disk loading on blade diameteyr can '+ icen in
Figure 8,

From the analysis in Item 4, below, a considerable weight savings in
the rotor system for payload weights greater than 8000 1b will be experi-
enced for disk loadings greater than 0,8 psf, Because of the design
parameters effect of increasing disk loading to minimize the system
weight, the performance of the system at disk loadings greater than 0,8
psf werv evaluated,
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SECTION 1] - SYSTEMS DESION AND FUNCTJONAL ANALYSIS
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SECTION 11 - SYSTEMS DESIGN AND FUNCTIONAL ANALYSIS

jp

The ypper limit on disk loading is dictated by rotor tip velocity, Mans-
ficld® indicates a maximum operating limit of 600 fps_for tip velocity,
while the experimental cfforts of Goodale and Boryda” show a possibility
of approaching blade tip velocities of 900 {ps without experiencing ad-
verse high subsonic speed compreassibility effects, Point mass computer
rung were made to determine the trajectories for the limiting cases of
VD s 22 {ps, Vp = 600 fps, and Vo = 900 fps.

The following assumptions were used for the trajectory analysis in this
report:

l, Time zero is when the cargo leaves the door

2, Deployment velocity att = 0,0 is 220 fps (130 knots) and
at an altitude of 500 ft above sea level

3. The drag force of the rotor does not begin until one sec-
ond (t = 1,0) after the cargo leaves the door

4, The drag area (CDR A,) increases linearly with time
from zero to its maximum value

5. The transient spin-up time (drag area increase) is six
seconds, This value was established from preliminary
work performed by Mansfield?

The results of this analysis are only approximations and are presented

to indicate the trend of the effect of high descent velocities, The results
of the analysis are presented in Figures 9, 10, and 11l for altitude versus
time, altitude versus range, and acceleration versus time, respectively,

These plots clearly indicate that terminal descent velocity has a signifi -
cant effect on system performance. The most pertinent is that of descent
time. This is reflected in Figure 9, Since smaller diameters are re-
quired for the higher disk losdings, the g load on the cargo during the
deceleration period decreases, The magnitude and time of occurrence
can be seen in Figure 11, The decrease in deceleration force also has

a significant effect on the ground distance (range) covered during descent.
This effect can be seen in Figure 10,

The trajectories that will be experienced for the final disk loadings

established in Item 4, below, will be in the regime between VD = 22 fps
and VT = 600 fps,

STRUCTURAL DESIGN ANALYSIS

BALLUTE Weight Determination

The principal components of the BALLUTE include fabric coverings, the

-25-
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SECTION 11 - SYSTEMS DESIGN AND FUNCTIONAL ANALYSIS

meridional webs, and the ¢lastomeric coating. The fabric covering is a
high -strength material that forms the ¢nvelope of the structure, The
meridional webs help to support the load by continuing around the struc-
ture and passing through the apex at the back, The webs may terminate
on a nose fixture at the front of the model, or they may extend out to be-
come the suspension lines, The coating applied to the envelope makes it
nonporous and helps to provide protection for the fabric structure,

The weight of a BALLUTE, WB' is the sum of the weight of its components,
Therefore,

W = W

B = W tWo, (5)

f C

§ = fabric weight

w meridian weiqght
m

w coating weight

C

The weight then becomes
) Afff(D. F.'")

w

HLT(D,.F.')
+ K + Af(C.F.) .

surface area of decelerator (sq ft)

design stress due to the design inflation pressure
and the decelerator radius

total fabric design factor, which is the product of
safety factor, dynamic loading, seam efficiency,

temperature, etc
envelope fabric strength-to-weight ratio (in.)
number of meridians (webs)

length of each meridian (ft)




T = mertdian degign tenaton load {1h)
DF, ' e total meridian denign tavtor

Km  meridian atrength=to~weight vatio (in,)

C. F. = unit coating weight (weight area)

Equation 6 uses a safoty tactor of two and does not include the weight of
the burble fence or the riser line,  The meridian length and (abric areca
are approximately .!WRB and "Ra 'y respectively, Fora 10-percemt

fence, the fabric weight ia increaned by approximately 0 parcent,

Table 1V presenta BALLU 'K weight for the various required diamotopa
and {s based on the proceeding analysis for deploymant q = 86, 6 pal
(deployment at 500 ft and noinom. BALLUTE stowage -volume re-
quirements arc dopendent on ita weight and packing denaity, Typieal
packing ~density valuvs range feom 20 te 30 pef for handpack and 10 to 40
pef for a pressure pacl,

ABLE IV - c A §
w

Load, W Bd?al;vl;n‘{zr’: Weight, wB 'W‘

Item (1b) (it) (1b) (percent)
l 2,000 9 ) ; 0,28
2 ¢, 000 14 16 0,40
k) 8, 000 19 36 0, 4%
4 12, 500 2d 53 0,42
5 17, 000 28 100 0, %
6 21, 500 30 120 0. 56
7 26, 000 13 188 0. 89
8 30, 500 15 180 ", 59
9 35, 000 40 250 0,72
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Restore Waight e painnination

Cennral

Fabrve votur bladea e mads oom MIRMN T i it labadibe Gy pe mater fal,
The NTRNENT Gl Wobaske bom b ooy suefaaea of bt inacle prosayre
Haht by anccbamtamer voating, When the ATRMAT stpactars i inflated, it
attatine the predetopivined airfotl shape eatablinhed by the length of the
dvop threadn, an shown in Figure 1d, The ratur blade in comploted by
addition or plivw of cord tabirie {(antdirec Lional atrength fabric) at the lead-
ing wdyge, There plies arve arvanged to proporly position the mans axia
and elantic anin arwsui ol the quarter chord for Qutter stability, In addis
Hon thie material provides sulficient strength W roriat centritugal forces
vesulting from tp and blade woights,

The structural deaign ol the rotur syatem in comprined of the design of
the variouy individual compunents,  The rotur aystem weight, WRy e
equal to the summation of the weighta of the fabrie blades, \\’“T. the tip

weight, Q. the air storage bottle weight, W P and the hub weight, wHUf\‘
In equation foem, this s o

RSVt 9 W ' Waun (M

B PR & .

Figure 12 - Typical AIRMAT Airfoil Scction
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(1)
(a)

(b)

Bvaluation of sach of there terma (e prrformed in the llowing portions
ol thin wevtion,

Made Waight Analynin
Total Weight
The total weight of the blade portion ui the sutor nystem ing

W,

Wiar " Wap ' Wam ' Ve ' Wee (N)

where

Wup # owelght of the AIRMAT required (ur pressurs (1b)

w s weight of aiv in the blade (1b)

AlR

WC 2 welight of elastomer coating required to
eliminate the paraaity in the material (1b)

w » weight of material required [or mass balance

LE ahead of forward quarter chord (\b)
Blade Weight as Pressure Vesssl

Con!akane' shows the minimum weight of a flat AIRMAT pressure vesnel
to be

WF“\MlN - 3pVFAFS . )
where
P ® internal presaure (psi)
VFA = volume of flat AIRMAT (cu {t)
FS w» factor of safety, and
K = strength-to-weight ratio of face and drop yarns (in.)

The flat AIRMAT has two outer surfaces and drop yarns, Generally, the
weights of cach outer surface are equal and the drop-yarn weight is equal

to the weight of one surface, The factor of 3 in Equation 9 represents
the outer surfaces and drop yarns,
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SECTON - AVNURM DENIGN AND FUNCTIONAL ANALY SIN

(c)

Baguation ¥ can he wned to find a connervative welght for the airtoil blade
by uming the volume of a tlat AIRMA T blade, Voo with the same chord

and depth an the airfotl, The blade cross mection n that of a NACA 0012
atrfoll,  Nanwe

\" v bhR, (10)

FA

Subatituting 0, 1db for h in Bquation 10 yielda:
; 2

Viea = 012 UTR, (i)

Dquation 12 below then gives the AIRMAT weight from pressure alone:

, 261k
- 0, in pby R(PS) \ (12)

(\'\' AN ) - 4
FA min K

Looping AIRMAT drap yarns over yarna in the fave ¢lotha can reduce
drop-yarn satrength by as much as one half, Because of thia, the weight
of fabric muast be increased by pV(FS)/K. Thia discussion assumes the
face and drop-yarn materials are the same, Therefore, to account {or
reduced Joop strength of the drop yarns, Equation 9 becomes

V(FS)
Wpp *(Wpa)  tS R (13)
min
Simplifying and collecting torms yield
4pV.., (FS)
a FA . (l‘)

W RP

Equation 14 should be used instead of Equation 9 to account for reduced
loop strength, Equation 14 gives the structural weight without elastomers,
The analysis used in obtaining Equation l4 showed that the face-material
weight is 60 percent and the drop-yarn weight i1s 40 percent of the total
AIRMAT weight, The coating weight required is explained further in

Item (e) belaw,

Blade Weight Calculations - Pressure (WBP)
To calculate the weight of the blade when pressurized, let

2

Vv = 0,12b°R

FA
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R w4
K - 2 x 100 n,
Then Kquation 14 bhocomens
) 6 2
wm, = 4,4 X 10 Tph" R, (19)

whore b and R aroe in feet and p 18 tn pounda per aquare inch,

The chard dimension (s found by uning the solidity, @, an 10 porcent and
the number of bladea, N, in Equation ¢,

Equations & and 18 yield

6, o3
(1,421 X 10 ") R"p
w v ' (16)
RP Ne
for p = 1440 pat (10 pai),
-3 .3
o (2,046 X 10 ") R . (17)

w
BP Ne

Table V presenta AIRMAT weight, Wpp required to retaln a pressure

of 10 psi for respective rotor radius, R, with the number of blades being
being four and disk loading equal to 0, 8 paf,

(d) Weight of Air in the Bladae (W“r)
The volume of an NACA 0012 airfoil is

Vap " 0.082 bR . (18)

Air density, p, at standard conditions is 0,0765] pcf. The weight of air
in one blade at p paf is given by:

_ PP VaF

air Po * (19)

Using the following values

p, = 147 psia = 2116 pst
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TANLE Y - WEIGHT PERCENTAGE OF BLADE COMPOMENTS FOR

VYARYING ROTOR RADII

Welght of
Grosn | Rotor | AIRMAT| Weight [Weight of | loading | Total,
welght [radiun, | woelght, |[onC alr, | coating, edge, weight,
w R Wnp | Wair We WLE wWur wWnr/W
em| (b) | (W) b o) (10) ok OB [(percent)
| 2,000 10 16 1.8 ‘ 9.0 L1 a2.% 4. 12
2 4,000 40 33 16. 8 19. 8 139 208. 6 5.2
3 8,000{ &% LL) 43.0 51.0 A L1 537.0 6.6
4 [ 12,%00] 70 180 9.0 108. 0 786 1134.0 9.1
% |17.000; 8O 268 132.0 189. 0 112 1668.0 9.8
b |21,%00] 90 L) 188.0 228. 0 1576 2364.0 11.0
T | 26.000] 100 R0 260.0 3120 2184 3276. 0 12. 6
8 | 30,%00f 110 680 344. 0 398. 0 2844 4266.0 13.9
9 113%,000] 120 | 900 440.0 %40.0 3760 5640.0 l6. l_-
p = 10 paig
= &4, 1 psia
w 3556 pafa
p = 0,07651 pef
and suhstituting Equation 18 into 19 gives
-3, o3
W (1,03 X 10°7) R (20)

(e)

N2

Table V presents the weight of air, W
0.8 psf,

air’ for respective rotor radii for

four blades and % =
Weight of Coating (W)
The weight of the required coating equals approximately 0.6 of the AIR-

MAT weight, Coating generally equals the weight of the parent farbic,
which for AIRMAT surfaces is equal tu 0,6 of the total weight. Table V

presents th ' coating weight for respective radii,

-35.
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n

Mans Dalance (W Lm’

Decaune the acrodynamic center and the centar of mass must coincide if
an airfoil section (s to be asrodynamically stable the center of masa muat
Lo located at the forward chord (one-fourth of the chord length from the

leading edge),

The weight required at the blade's leading vdge tncludea the weight ¢f the
AIRMAT, air, and coating, To this weight, material must be added to

bring the amount to Wl (wee Figure 1J),

Generally, the added material is tire cord made with uniaxial yarna
placed in the radial direction because it will carry only centrifugal loads,

The following analysis was use:! to {ind W, ». basud on the muss balance
requirement,

From Figure 13
= 3w, , (21)

where

-
P—-- 0.378b g
0.128h rt—— 1
¥y "2
Im o W, (0.128h) - w, 10,373h)
ce
6.378h
w - et |
! WI(UJaah) ™,

Figure 13 - Airfoil Center of Mass
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(g)

(3)

Wy T Wypt TWa tT Ve (22)
Subatituting into Equation 21 yialds
wl ' % WBP*% wah‘ ' %WC‘ (23)
by definition
Wig * Wy =W t T W, t W), (24)
Subatituting for Wl from Equation 23 yields
Wig =2 Wpp t 2 War Y2 Ve (25)
prerented in Table V ias WLE for ruspective values of WBP' wair' and
Ve

Total Blade Weight (WBT)

The total blade weight, Wg o Was established by substituting respective

values of WBP' er. WC’ and WLE into Equation 8, Presented in

Table V are the values for WBT'
Inflation System Weight (WPB)

Design of the inflation system for this application has been directed to-
ward the high-pressure storage bottle type, Although other types of sys-
tems exist; for example,cool gas generator, hot gas generator, and ram
air, the steel bottle system has been selected from a basis of cost and
complexity tradeoff. For a preliminary estimate of the weight of the bot-
tle system, the following method was used, The weight of a pressure
bottle is dependent upon the energy that it contains, This energy, E, is
defined as

E = PV (26)
where
P = absolute pressure (psi)
= volume of air, (cu ft)
-37-
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SECTION Il - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS

(4)
(a)

The volume of air can be shown to ba

Wair
V = ) (27)
Pair
where
wair = weight of air
Pair ° density of the air at the pressure p.
Substituting for V in Equation 26 yields
wair
E = p -"—'—P " . (28)
air
The energy at the storage bottle or the blade to give
wa.ir
E = 3000 psia (p —2T 3000 pst ); (29)
air
also
W, ,
E = 24,7 psia ar — ) (30)
Pair to 10 psig

From Table V the weight of air required to inflate four blades to 10 psig
is presented. The density of air at 3000 psi is 0,478 slugs per cu ft, The
energy term, PV, therefore can be evaluated for various blade radii,
Figure 14 presents bottle weight versus energy, PV, and was taken from
Figure 118 of Reference 7 for a steel bottle,

Substituting for p and wair for one blade for each load item into Equation

30 will result in the storage energy requirement. The resultant bottle
weight per blade then can be obtained from Figure 14, at each enerygy
level. The total bottle weight with four blades for each load item is pi«-
sented in Table VI for a disk loading of 0, 8 psf,

Tip Weight Determination

General

The calculation of tip weight has been left as the last step of the design

-38-
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{POUNDS}

PB

INFLATION SYSTEM WEIGHT, W

1000

v T
E D CALCULATED OR CATALOG WEIGHY
- - - e MULTIPLE BOTTLES
s -
P O PROPOSED COOL-GAS GENERATORS
P . | . ECHO |
SUBLIMATING POWER INFLATION svsrsms/
= O . ecnont
2 /
/
4
4 /
I'd
/’
//
3000-P5| STEEL BOTTLE SYSTEM 7
100

LI

\

SYSTEM GAS AT 70 DEG

3000-PSt FIBLRGL ASS SPHERE SYSTEM

O,

L

e

(0]

7000-PSI TITANIUM ALLO

Y SPHERE §

//uov-o:us GENERATOR

YSTEM

INFLATION ENERGY, PV (FOOT-POUNDS

)

-
. L4 1 1 b1l ] 11t )t ] L Lt il
2'10‘ ‘05 10 {10

Figure 14 - Inflation System Weights for Various Energy Levels
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SECTION I - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS

(b)

TABLE VI - PRESSURE BOTTLE AND TIP WEIGHT

VALUES (NO FLARE)

Gross weight, Rotor radius, Wp Q
Load item W (lb) R (ft) doy | (b
1 2,000 30 34 42
2 4, 000 40 94 120
3 8, 000 55 256 360
4 12,500 70 438 770
5 17,000 80 765 1190
6 21,500 90 1075 1760
7 26,000 100 1420 2500
8 20,500 110 1800 3350
9 35,000 120 2170 4300

analysis due to the fact that it is a dependent variable whose magnitude

is determined when a balance of forces is evaluated,

For given values of

lift, blade weight, tip speed, and coning angle, a moment through the axis
of rotation gives the magnitude of the tip weight, Based on the following
assumptions, three equations or statics can be written for the forces act-

ing on the blade shown schematically in Figure 15,

1, A blade is subjected to lift, weight, and centrifugal

forces distributed along the length

There is no spiral twisting along the blade

2

3. A blade is hinged at the hub

4, The hub is at the axis of rotation.
5

AIRMAT structure

The airfoil shape is maintained by pressure in an

6. Although a blade is flexible, itis assumed to be
rigid because of large centrifugal tensions in a

blade
7. The solidity is 10 percent

Forces Acting on a Rotor Blade

Lift Forces - Figure 16 shows an airload distribution for an NACA 0012
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,‘mﬂ\\‘

LIFT FORCES

CENTRIFUGAL

GRAVITATIONAL

HBLADE WEIGHT FORCES

1

\

GRAVITATIONAL

TIP WEIGHT FORCES

CENTRIFUGAL

Figure 15 - Forces Acting on a Rotor Blade
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Figure 16- Rotor Airload Distribution (NACA 0012 Airfoil)
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airfoil, The loading and coordinates are given as a dimensionless param-
eter, The dimensionless coordinates are

X=r/RandY =1 R/L.,

where

r = any radius along the blade A

R = blade radius

1_ = lift at point of radius r
= total blade lift

The location of the centroid of the lift distribution is shown to be at 74,27
percent of the blade radius as measured from the hub,

Forces Due to Blade Weight and Tip Weight - Figure 15 shows a rotor 3
Blade aszsumed to be uniform In weggﬁt Eftiribution along its length with

centrifugal forces increasing uniformly outward along the blade, ;

1f

w = weight per unit length (ppf)

x
"

horizontal coordinate = r cos Go

Q1 = rotor angular velocity (radians per second)

e M e e

<
"

T = tip speed (fps) atX.. = R cos 6 (ft/sec)

=
)

= total weight of blade = Rw, (lb)

=l
"

centroidal distance (ft)

2)

g = acceleration of gravity (ft/sec

0O
r
n

centrifugal force (lb)

X.. = tip horizontal coordinate = R cos 60, (ft)

Then the centrifugal force created by the blade weight is
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SECTION U - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS

R
2 2 L2
CF = wx Q%dr _ w QR

Substituting Q = VT/ R cos 6 into Equation 31 yields

2
WV
BT'T
Cr = g cos . (32)

o
The resultant force (see Figure 17) acts at
s _e¢R
X = =y cos eo . (33)

The tip weight, Q, and its centrifugal forcc also are shown in Figure 15,

Y

AXIS OF ROTATION

2
ar¥y

!RICO!ao

Figure 17 - Equivalent Concentrated Forces Acting on Rotor Blades
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SECTION Il - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS

(c)

(5)

Static Equations of Equilibrium

Figure 17 shows a rigid blade with each distributed force system replaced
by an equivalent concentrated force. The static equations consist of a
moment about the hub and summation of forces in the x and y direction.,
Summations in x and y directions yield

2
(0.5 wBT + Q) VT
Ry = R g cos 50 = (L) sin @, (34)
and
Ry = (LT) cos Oo - wBT -Q, (35)
From a moment about the hub,
VTz tan 60
0.7427(LT) - WBT 0.5 cos eo + g
Q= V.. tan 0 . (36)
cos 6_ + T 2
o Rg
The reaultant blade tension is
2 2
‘I‘R = Rx + RY R (37)
and the angle 8, is defined as
RX
eo=tan-lw§-. {(38)

From Equation 36 with values of lift, blade radius, and tip velocity (dic-
tated by disk loading, blade weight, and coning angle), the tip weight, Q,
can be calculated, Table VI shows the Q for each load item at a disk

loading of 0,8 psf.
Rotor System Total Weight Without Flare
The total rotor system case without flare now can be established, From

Equation 7 the total system weight is equal to the weights of the four com-
ponents, Values for all of these components except wHUB have been

-45.
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SECTION II - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS

established in the preceeding subsections, The hub weight analysis is
contained in Item 7 below. Knowing the value for Wuup: the total

weight can be found for the nine load items at a disk loading of 0, 8 psf,
Table VII presents a summary of the component weights as a percentage
of the gross weight. The trend of the resulting total rotor system weight
(as a percentage of the gross weight) is clearly an increase with an in-
crease in gross weight,

TABLE VII - COMPONENT AND TOTAL WEIGHTS FOR )

CONFIGURATION 1

Load 3:&1: 3?:13: Yaryw| a/w | Ves/w |Wuusw | Wr/w

item| W (1b) | R (in,) | (percent) | (percent) | (percent) | (percent) { (percent)
1 2,000 30 4,12 2.1 1.7 5 12.9
2 4, 000 40 5.2 3.0 2,35 5 15,5
3 8, 000 55 6.6 4.5 3.20 5 19,3
4 | 12,500 70 9.1 4.7 3.90 5 22.8
5 | 17,000 80 9.8 6.9 4.5 5 26.2
6 | 21,500 90 11.0 8.0 5.0 5 29.0
7 | 26,000 100 12.6 9.1 5.4 5 32,1
8 | 30,500 110 13.9 10.6 5.9 5 35.4
9 35, 000 120 16.1 11.5 6.2 5 38.8

Since the rotor concept does have the ability to transform rotational energy
into a form that will result in a transient deceleration force to the cargo,

a study was conducted to determine if descending at a velocity greater

than 22 fps (which would permit a smaller diameter rotor) and then flare
to a 22-fps impact velocity would provide an overall savings in rotor sys-
tem weight,

(6) Flare Maneuver Weight Requirements

Utilizing a sudden collective pitch change as the descending autorotating
rotor nears the ground to provide the desired lower touchdown velocity,
which is being reduced from a higher sustained descent velocity, prom-
ises certain rewards, The kinetic energy of the rotating blades can be

exploited to obtain an additional decelerating force for reducing the

-46 -
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SECTION II - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS

descent velocity. The analytical mechanicas of this maneuver were ob-
tained and modified to suit the conditions of this problem. It is assumed,
as in Reference 5, that the initial load factor, LF, in this maneuver is 2.0
and decreases linearly with time to the end of the maneuver to become

1,0, At any time, t,
LF = LF_ - (LF_ - 1) t/tf. (39)

The difference in the initial descent velocity, VD' and the final velocity,
vV, ia
f’

b
VD - Vg =f adt (40)
(¢]
=5 (LF_ - 1) g t, (41)
L -2 (42)
£ m .

At any instant during the vertical flare, the power required per pound
of vehicle as reported in Reference 5 is

1/2
Fp/W = (l“mi) (r) ¥2 (WI) / (M is figure of merit) . (43)

The kinetic energy, KE, required for the flare per pound of vehicle is

t
f F
KE . [ o dt (44)
t
=j‘f 14,5 | .3/2 (V‘X‘) 1/2 4 (45)

t
14,5 (w)l/? f LF_-(LF - 1) ‘—] 3/zdt (46)
T(I) A [ ° ° t ‘
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SECTION I1I - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS

Based on the solution of the standard form integral

nt+l
Jua v ouren « ot “)

where a = LF_andb = -(LFO - l/tf) :

5/
Rl e

o]

b )

With the assumption that the figure of merit,M,is 0.7 and LF = 2.0,

te = %(VD -V, {49)
and
KE w72
(T)Reqd = z.4o(x) (Vp - V) . (50)

The kinetic energy must be possessed by the rotor at the time the flare
commences. If the rotor blade's mass is uniformly distributed and a
two-bladed rotor is assumed and as well as assuming only 2/3 of the
energy is available for the flare before stalling occurs, then

KE_ gor = %(w—}g‘)(amz : (51)
where
WRS = the weig}?t of thg rotor system‘that contributes to
the rotational kinetic energy, i.e., WBT and Q
1 = blade rctation speed
R = blade radius.

The rotor blades then must possess a weight ratio relative to the gross
weight of the system through the substitution of the KE in the

rotor
(KE/W)reqd equation:

.48 -
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SECTION II - SYSTEM DESIGN AND FUNCTIONAL ANALYSIS g

w \1/2(Vv - V)
RS _ w D f
RS - 695(¥) —2t (52) i
The rotor tip velocity, VT' is
Ve=RQ {53)
or
w 1/2(Vy - V)
RS _ w D f
T

Rotor blades in autorotational descent have the drag coefficient, CDR
related to the ratio VD/VT from Reference 5. A solidity ratio, o°, of

0.10 was assumed for minimum weight in this study since increasing
the solidity by a factor of two and three only increases the drag coeffi-
cient between 7 and 14 percent. In Reference 5 the aerodynamic design _
criteria for the descent condition prior to execution of the flare in order
to ensure against rotor stall occurring during the flare, the thrust co- 3
efficient, CT' and solidity, o, should be related as }

N e g

C
—L< .10, (55)
o
The thrust coefficient and the drag coefficient are related as p
2
2 i
ﬁ = Vb (56) ,;
CD Vr
The descent speed, V,, the tip speed, V., disk loading, W/A, and the %

blade's weight ratio WRS/W' requirement are related by the above mathe-

matical expressions. This is expressed by Figure 18 for standard sea
level conditions (P = 0.002378 slugs/cu ft) and for a final touchdown
velocity of 22.0 fps. The plot represents the minimum weight require-
ments. The parts of the rotor system that contribute to kinetic energy
required to accomplish flare are the mass of the blade and mass of the
tip. Values for blade weight at all disk loadings can be found from
the analysis in Item (2) above. Values for tip weight at uisk load-
ings greater than 0.8 psf now must be developed. Calculation of tip
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SECTION 11 - SYSTEM DESIGN AND FUNCTIONAL ANAI.YSIS

(7)

weight for the cases when the rotor will flare is performed in a slightly

different manner as for the case without flare. The difference lies with
the values for liftto be used in Equation 36, Since a load factor of two R
is to be experienced at the initiation of the flare maneuver, the total lift,

LT, will be twice the value experienced at steady-state descent condi-

tions. Therefore to balance this increased lift force, larger centrifugal
loads must be imposed on the blades during the steady-state condition.
Based on this fact, values for tip weight, Q, were calculated at various
disk loadings for each load item. The sum of the values for WBT/W

and Q/W are plotted on Figure 18 for each of the load items at the parti- e
cular disk loadings. The minimum weight system is the point where the 1
load item curves and the theoretical minimum weight curves intersect.

The end points for the disk loading of 0.8 psf were taken from Figure 7.

Since a considerable weight savings can be seen for the load Items 4 B
through 9, it is advantageous to consider them further in an attempt to i
minimize the number of rotor diameters required.

From Table III, the diameters required for load Items 1, 2, and 3 are
60, 80, and 110 ft, respectively. If the diameters are referenced to
the loads 4 through 9, then load Item 4 would be delivered with an 80-ft
diameter rotor; loads 5 and 6 can be dropped with a 110-{t diameter
unit; and for loads 7, 8, and 9, a 140-ft diameter system must be em-
ployed. For each of these items (4 through 9) the appropriate blade
weight, WBT' was taken from Table V. Tip weights, Q, then were cal-

culated for each respective disk loading. These two values along with _
their sum, WRS’ and ratio to the load items (WRS/w)calc can be found Y

in Table VII.

The minimum requirement for (WRS/S)min was obtained for each load v i

itern at its respective disk ioading from Figure 18 and is presented in
Table VIII. Any value of (WRS/W)min that is greater than (WRS/W)calc

must be used for final weight determination. The (WRS/w)actua.l is the

resulting significant value and is presented in Table VIII. Evaluation of
the hub weight now can be made. .

Hub Weight (Wy.(;p)

Presented in Figure 5 is the preliminary design concept for the rotor
hub as would be required for this application. From Figure 3-19 found
in Reference 3, the hub weight for a conventional helicopter system

is approximately equal to the weight of the rotor blades (this includes

tip weight). Included in this value for WHUB is the weight of the linkages

-51-
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SKCUION 1l - SYSTEM DESION AND FUNGCTIONAL ANALYSIS

and mechaniam required for both cyclie and collective pitch control, It
is ansumed that the control linkage comprinea 30 percent of the hub
weight, Therefore since the design an presented in Figure 8 does not
require any control mechaniam, the hub weight will he aasumed to he
approximately 1/2 of the sum of wBT and Q. From Figure |8, for an

optimum design system that will employ the flare maneuver and there-
fore approach a powered rotor, Wns' the minimum weight required will

be between 8 and 12 percent of the %r\m weight, From the preceeding
assumptions, the hub weight would be from 4 ta 6 percent of the gross
weight, For preliminary deaign, a nominal value for wHUB will be §

percent. 1

(8) Final Sine and Weight Kvaluation
To obtain the total aystem weight for each load item, the appropriate
preasure bottle weight, wPB' from Table V1along with the value for

hub weight (W ) muat he added to(W_ /W of Table VIII. Pre-
HUB ( RS )act\ul

sented in Table IX are the resulting values of WPa/W. wHUB/w’ and
sz/w and theirsum WR/W. (See Figure 19 for final weight ratio data).

TABLE IX - FINAL SYSTEM WEIGHT (WITH AND WITHOUT FLARE)

w. /w*
“s/w).cmu pB| Ypa/Y| YHua/Y| (with (wi:}wut
item (1b) (percent) (1b) |(percent)|(porcent)| flare) flare)
! 2, 000 12.9 ‘
2 4, 000 . . . . 18,8
3 8, 000 . : . 19.3
4 12,500 9.0 94 | 0.7 . 14.8 22.8 .
5 17,000 8.4 2% | .8 14.9 26.2
6 21,500 8.4 256 | 1.2 14.6 29.0
7 26,000 1.3 488 | 1.8 18. 1 32.1
8 30,500 9.6 488 | 1.6 . 16,2 38, 4
9 35,000 8.7 ws | 1.4 15.1 18. 8
Q‘Vll\ml taken from Table VII. 2
2
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Figure 19 - Rotor System Weight Ratios
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SECTION IU - OPERATIONAL ANALYSIS

GENERAL

The BALLUTE-flexible rotor systein as applied to the U.S. Army low-
altitude airdrop mission must meot, along with the functional perfor-
mance gouls, certain operational requirements. Compatibility with U. 8.
Army and U. 8. Air Force rear-loading cargo aircraft flying in mass
formations is of utmost importance, Other aperational requirements are
making only minor alterations to the aircrast and also meating the allow-
able volume envelope for each cargo item. The factor for major consid-
eration is the complexity of the rtggtng. loading, derigging, and drop
sono clearance operations, For the system to be desirable, a minimum
requirement for spocial and additional training muat be met, Reliability
consideration is an additiona\ factor that determines the usefulness of
the system for this operation,

An indication of the system complexity can be realized if the steps re-
quired for preparation are known. A deacription of the packing and
rigging operations and maintonance of the BALLUTE and rotor system
follows.

Data coacerning roliability cstimates are contained in Item ¢ below.

PACKING AND RIGGING
Method

The raethod fur packaging the BALLUTE and flexible rotor system would
be very similar to that presently experienced with standard parachute
systems. The anticipated technique will be outlined below with discreet
check points established.

Steps for Packaging BALLUTE

The BALLUTE is packaged as follows:

l. Inspect for arcas that may have been overstressed

during previous use. If necessary, inflate witha
suitable blower to check questionable areas. Then
make necessary repairs
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‘ SECTION 11l - OPERATIONAL ANALYSIS

A

7.

9.

10.
11,

l,

Chock geodei ic suspension line arrangement to
make cortain trere is no entanglement and proper
attachment orientation

Elongate aystem on table

Compress inlets and restrain in loaded position
with suitable fabric lines. These lines will be re-
moved at a later step during the packing. The
number of lines removed vill be recorded on the
sign-off shoeta

Pleat BALLUTE by placing gore on gore, similar
to present parachute folding techniques. After the
pleating is complete, the packaged width of the
BALLUTE is approximately one gore wide

Divide gore length into a predatermined number of
segmaents for final folding. These segments then
are accordion-folded on top of each ather

Remove restraints on the inlets and make the proper
record

Attach a breakline between the BALLUTE crown

and the deployment bag

Place BALLUTE in the deployment bag, then install
and tighten the proper lacing

Attach geodesic riser to the rotor pack

Make proper BALLUTE deploymant bag closing re-
straints and install proper passive cutter knives

& Step for Packaging Rotor

The rotor is packaged as follows:

Stretch out, inflate, and inspect blades for any damage
that might have been received during a previcus

drop. It is assumed at this point that any damaged
blades would be sent to a special area and necessary
repairs made

Attach appropriate blades to the hub assembly. In-
stall proper tip weight

Replace pyrotechnic manifold release valve with re-
built unit. Rebuilding the unit requires replacing a
diaphragm. Install two pyrotechnic charges. For
clarification, the pyrotechnic charges, which are
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H

lanyard initiated, puncture the diaphragm and per-
mit the air in the storage botties to pass through the
manifold and into the blades

4. Make respective inflation tubing attachments, The
blade is deflated at the beginning of this operation

5, For the version of the rotor that will utilire the flare
maneuver to obtain the required 22-fps impact velo-
city, an additional step must be performed before the
blades can be folded. This additional packaging step
will require:

a. Assembly of a daisy chain

b. Attachment of two pyrotechnic (reefing line type)
cutters per blade for release of the restraint to
permit terminal flare. Two cutters are required
at this time to provide a redundance

c. Suitable attachment to each cutter through which
the flare command signal is transmitted

6. Fold blades to the desired size dictated by the deploy- .
ment bag. Depending on the blade size, it might be §
necessary to fold the blade before attaching to the hub
assembly 'y

7. Place folded rotors into the deployment bag

8. As the blades are being positioned into the bag, a
lanyard that was previously attached to the bag is at-
tached to the firing pin at the manifold release valve

9. Place remainder of the blades in the bag and make
a suitable tie through two large reefing line type cut-
ters at the bag inlet

10. Inflate storage bottles to the required pressure "
through the quick-disconnect extension. Perform
leak-rate check to insure no leakage. This step :
could be performed after Step 4 to ease tightening 1
of tubing fittings if required, but final inflation
should be performed as a final step in an attempt
to eliminate handling of the high-pressure system

11. A lanyard that previously has been attached to the
suspension riser is left to be attached, but final at-
tachment will be made after the package is placed
in the aircraft to prevent premature release from
handling

..@.-,g;b-—w"im_n;;..,:'z-_;m‘w;{r.u;‘;;ﬂrﬂ» e
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12. Attach rotor system to cargo
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SECTION 111 - OPERATIONAL ANALYSIS

MAINTENANCE

General

Maintenance of the BALLUTE-rotor system as applied to cargo airdrop
operation can be divided into two sections - one for the BALLUTE and
the other for the rotor assembly. This separation results from the two
different fabrication techniques for each item,

BALLUTE Maintenance

Maintenance of the BALLUTE will be required only if damage is experi-
enced during a drop mission. Presently, it is anticipated that the BAL-
LUTE be fabricated using a sewing procedure. All repairs could, there-
fore, be made using conventional sewing equipment. Repair of this type
is practical because of the equipment available to make sewing repairs.
The equipment referenced here consists of sewing machines and their
related components.

An alternative to the sewn repairs would be a cementing process. The
steps that would be followed if a cementing procedure were to be used
are outlined in Item ¢, (3). Repair of the BALLUTE using a cementing
technique could be done only if the BALLUTE previously had been coated.
For this application the BALLUTE probably would not be coated unless
the need arose to decrease its porosity for aerodynamic performance
reasons.

Rotor Maintenance
General Maintenance

The term general maintenance can be defined as any operation required
by all rotor systems in preparation for the airdrop mission. Any func-
tion required by all of the rotor systemsa can be considered as part of
the rigging operation. A complete description of rigging and packing re-
quirements of the rotor portion of the recovery system can be found in
Itemn 2, above.

Repair Maintenance

Repair to the rotor system would be required only if damage to the rotor
were enc-untered during the airdrop operation. The repair can be

*. sken into two sections - hardware and fabrica. The hardware portions
are the hub, bearing, pressure bottles, manifold, tubing, and tip weight
and cannot be repaired easily. The reason lies with the design of each
component and their critical strength requirements. Emergency re-
pairs could be made for use during one drop, but repeated use of a re-
paired part would not be reconnmended. Of major consideration would
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SECTION III - OPERATIONAL ANALYSIS

(3)
(a)

(b)
(c)

(d)

(e)

(£)

be all pressure-carrying components such as air storage bottles, mani-
fold, and tubing, The reasoning here lies with the large storage pres-
sure requirements that dictate high and critical strength.

Repair to the fabric rotor blades will be quite different from repairs to
cloth of the parachutes presently being used. By definition, a fabric is
a cloth which is impregnated (coated) with an elastomer. Depending on
the cloth, the type and amount of elastomer, and type of structure, the
repair technique of either sealing or cementing is dictated. For the
fabric rotor blades, a cementing technique is the only suitable repair
procedure.

Repair Procedure

General

An outline of the procedure to make cemented repairs to fabrics follows.

Size of Patches

Surface Preparation

Remove all dust and lint from surfaces to be cemented with rag dampened
with toluene or 1, 1, l-trichloroethane.

Cement Mixing Instructions

When cementing seams, apply a cement mixture consisting in a ratio of
128 cc of activator to one gallon of cement. Use only thoroughly mixed

and freshly made cement, Discard when they begin to jell or after eight
hours, whichever occurs first.

Application

For all cement coats, a brush with an effective length bristle of 2-1/2 in.
shall be used to flow the cement on as uniformly as possible. Brushes
shall be washed free of set-up cement with toluene or 1, 1, l-trichloro-
ethane at least once every eight hours to maintain this effective 2-1/2 in.
bristle length. If the effective length of the brush falls below 2-1/4 in.

it shall be replaced with a new brush.

Number of Coats

Apply the following minimum cement buildup to both surfaces that will
be bonded:
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SECTION III - OPERATIONAL ANALYSIS

(g)

(h)

(i)

I®

1. Three heavy coats 1497-C (plus activator)
2. One heavy lay coat 1473-C (plus activator)

The cement, as received without any dilution, shall constitute a heavy
coat.

Drying

Allow each coat of cement to dry past the tack-free stage before apply-
ing the next coat, Normally this takes 15 to 30 min. Last coat should
dry to the "laying tack" point. In the event that the cement becomes too
dry for seaming, apply a new coat of cement.

Seaming Procedures

Judgment and drying conditions determine the length of time after the
last coat of cement is applied before seaming. Do not swab the cement
if it becomes too dry; but apply a new coat as specified in the drying
step. Lay the cemented seam or tape when the tack point is reached.
Do not try to lay more seam or tape than can be put together before the
cement becomes too dry. Roll down immediately. Avoid stress on tape
or seams while laying.

Allow cemented seams to air dry for 24 hr before placing under any un-
due strain such as flexing or moving in a manner that would tend to
loosen or distort a fresh seam.

Curing

Allow the repair to age for a minimum of seven days before folding or
boxing if possible. As an alternate, it is permissible to cure the repair
with infrared heat lamps set at a distance so as to provide 140- to 160-F
heat. Curing time shall be one hour; provide accurate heat control mea-
sure. Heat shall not be applied until cement has dried a minimum of
eight hours.

Allow a minimum of 14 days room temperature curing before placing
seams under any tension, such as test inflating.

As an alternate, seams may be cured for eight hours minimum at 200 F
in circulating hot air. Seams must be aged 24 hr minimum before cur-
ing.

RELIABILITY

General

Reliability inforination applicable to the rotor blade delivery concept is
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SECTION III - OPERATIONAL ANALYSIS

presented below. The method of approach is to present anticipated rotor
blade system reliability and compare it to present parachute system data
since the prepared system utilizes similar sequencing methods.

b. Mechanical

Presented in Table X are the pertinent data relative to mechanical re-
liability of parachute systems.

¢. Human Error

(1) BALLUTE

Presented in Table XI are data concerning preparation of the BALLUTE
for the airdrop system.

(2) Rotor

Table XII presents the data for preparing the rotor system for the air-
drop operation.
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TABLE X - MECHANICAL RELIABILIT

Failure
sowurce

Reliability
figure

Rational or
calculation basis
of reliability figure

Passive cutters at BAI,-
LUTE bag-closing re-
straint

“Time-delay cutters on
rotor deployment bag

Inflation systemm pyro
valve

vround-sensing probe
system

Pyro cutters at blade
tips (for flare)

Seven out of 29 malfunc-
tions that were experi-
enced during 1679 drops
in October, November,
and December 1965 were
contributed to reefing
line cutters

When a proper load is applied,
sive cutters used for release o
BATLLUTE deployment bag seve
textile line passing through the
ter. Cutter reliability is deper
upon proper application and my
tude of the force., Through pra
development, the two factors
be completely defined and the s
tem design and packing data es
blished accordingly.

Exact reliability figures for tid
deiay cutter cannot be establigk

now due to the new application:

reefing line cutter and no defin}
of the exact type. Documented

in WADDTR 60-20099 are relia

figures for a particular type re
line cutter. An estimate of re
bility at various confidence lev
is provided. In general, a rel
bility of 0.985 at a 99 percent {
fidence level has been establisk
for the M2AI reefing line cutte

A pyrotechnic device will be a
velopment item and reliability
only he established during a de
ment program. The method to
used in establishing these figu
8 dmmnented in Navord Repo
210110

Same as No. 3

Same as No. 3




SECTION III - OPERATIONAL ANALYSIS

LIABILITY OF PARACHUTE SYSTEMS

or
‘basis
figure

Consequence
of failure

Visibility or

detectability

of incipient
feature

Comments

is applied, pas-
r release of the
nt bag sever a

hrough the cut-

ity is dependent °

tion and magni-
'hrough proper
o factors would
d and the sys-
ing data estab-

ires for time
ye established
pplication of the
d no definition
ocumented in
are reliability
lar type reefing
nate of relia-
idence levels
ral, a relia-
9 percent con-
n established
line cutter.

will be a de-
eliability can
uring a develop-
method to be
hese figures
ord Report

Inability to deliver load

Damage to load to a de-
gree affecting its useful-
ness in combat or in-
creased probability of
such damage (due to in-
creased rate of descent).

Same as No. 2

Same as No, 2

Same as No. 2

Proper rigging deter-
mined only by visual in-
spection

A visual inspection is
the only means to de-

termine that the arming
“lanyard attachment was

properly made. This
prevents an initiation
failure of the cutters.

Same as No. 2

Same as No, 2

Same as No. 2

Although one de-
vice will perform
the required task,
two devices are
incorporated for
redundancy.

Same as No. 2

Same as No. 2

Same as No. 2
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TABLE N1« DALLUTE DPREP

= 5%

Fatimated Redun
Error | frequency ol Cuomdequenee Timues and fa
source ™ | oceurrence of errop inapected featn
| N/A Inability to deliver load ! Visual meper
signh=oll
2 N/A Inability to doliver load, Damape | Visual ingpee
to load to a degroee affocting {ts wees signsolf
fulness in combat or increaswvd
probability of such damage {(due o
incroascd rate of descent, for ox.
ample) : o
4 N/A Cas 1 Visual inspec
signsoff
7 N/A Inability to deliver load l Visual ingpec
algn-off
8 N/A C | Visual inspoec
signsolf
9 N/A Cu l Visual inspee
sign-off
10 N/A Damage to load to a degree affect- ! Visual inspec
ing its usefulness in combatl or in- signeaff
creased probability of such damaga
(due to incroased rate of dercont,
for example)
11 N/A Inability to deliver load. Damage l Visual inapec

to load to a degrece affecting its use-
fulness in combat op increased
probability of such damage (due to
increasced rate of descent, {or ox-
ample)

sign-off

“Numbers in this column correspond to BALLUTE packing steps in Item 2, b of this scction,
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ON PALLURKES DUE 1O
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and failaafe
features
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Visual inwpection antd/ey
sign-olf

Visnal ingpection and/op
digneoll

Visual inapection and/or
signsoff

Visual inapection and/or
sign-off

Visual inapection and/or
signs=off

Visual inspection and/ap
signsolf

Visual inspection and/or
sign-off

Visual inapection and/or
sipneolf

BALLUTE inepection sindlar to present parvachute tnapecs
tLion

Improper atachiment of DALLUTE to rotor pack could pes
sult in DALLUTE weparvating feom potor pack at BALLUTRE
deployment, pesulting in & lack of foree to stpip off rotop
dopleyment bag. Visual inapection is only means of pre.
venting this

1f inlets are restrained and not permitted to spring into
atefllow, BALLUTE will not inflate and cargo cannot he ex-
tracted from aiveraft, KEven though this could exist, thove
atill would be sufficient drag provided o sirip the potor de.
ployment bag and perhaps allow the deag ol the trailing
rotor to extract cargo

Fatlure to make this attachment would reduce the inflation
time of the BALLUTE slightly hut would not have a signi-
ficant offoct on the performance

Improper instatlation of the BALLUTE into the deployment
bag would affect repeatability but would not hinder system
performance

Improper attachmoent of BALLUTE to rotor pack could ree
sult in BALLUTE scepavating fromy rator pack at PALLUTE
deployment, resulting in a lack of farve to steip off rotop
deploymoent bag.  Visual inspection is only moans of pres.
vonting this

Improper attachinent of the BALLUTE deployment hag
vould result in no deploymoent of the BALLUTE and no

(1) divect removal of cargo from the aircraft, (2) strip-off
of the rotar deployment bag, and (3) transmittal of torque
to the rotor to asdsist the transient spin-up

b of this section,




Estimated
Evror frequency of
sourre" oceurrence
m
l N/A
2 N/A
3 N/A
¢ N/A
s N/A
6 N/A
7 N/A

"Numbers in this column correspond to rotor packing steps in Item 2, ¢ of this section,

Consequence Times and faile
of error inspected feature
T_ A

Damage to load to a des | Inspection records w
gree affecting its usefuls sign=off by proper ‘pe
ness in combat or in. suing steps could not
credased probability of without signature on
such damage (due to
increased rate of do-
scent, for example)
Damage to load to a des l Attachment of blade t
gree affecting its useful. weight to blade is ma
ness in combat op ine of bolts. The failsal
croased probability of (iber locknut assemb
such damage (due to
intreased rate of de.
scent, for example)
Damage to load to a de- ! lioakage tests on ass

vee affecting its use-
ulness in combat or in.
creased probability of
such damage (due to in-
creased rate of descent,
for example). Error in
assembly would be de-
tected in pressure checks

Error in assembly would
be detectnd in pressure
checks

Damage tou load to a de-
gree affecting its useful-
ness in combat or in-
creased probability of
such damage (due to in-
creased rate of descent,
for example)

would indicate impro
Although one charge
ficient tu perfurm the
be employed for redu

lLoakage tosts on ass
would indicate impro

Although one charge
ficient to perform the
be emplaoyed for redu




Redundancy
and failsale
features

Caomments

N

tion records would require a
{t by proper ‘personnel. En-
steps could not be performed
t signature on components

ment of blade to hub and tip
to blade is made with a group
8., The failsafe would be by
ovknut assembly

e tests on assembled system

indicate improper installation.
'l one charge or cutter is suf.
to perform the task, two will

loyed for redundancy

e teats on assembled system
ndicate improper installation

h one charge or cutter is suf-
to perform the task, two will
loyed for redundancy

section,

The pressure test would be performed to verify a certain
leakage rate (psi drop per minute). If within limits, the
blade needs no repairt structural components would be in-
spected., Usable blades would be tagged and tranaferred to

a packing and rigging area. Damaged blades would be trana-
forred to & repair area

Inspector would check the torque on the attachment hlade.
Visual inspection would detoermine whether or not the proper
tip weight is Deing used

Failure to puncture the diaphragm is reflected under "con-
sequence of error". After uevelopment, the only anticipated
reason for failure of the charge to fire would be a failure in
the removal of the firing pin during deployment. A direct
caunse would he no attachment of reauired lanyard.

Visual inspection would indicate improper assembly. Sign-
off of the packing record would be required before further
steps could be performed. The flare maneuver would not
be required for the drop of all systems

Improper folding and installation of the blades into the bag
should not affect the performance of the system

Improper folding and installatinn of the blades into the bay
should not affect the performance of the system
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TABLE X1l . ROTOR PREPARATION FAILURES

Estimated
frequency of
occurrence

Times
inspected

Consequence
of error

Keror
sourcew

Redundanc
and failsaf
features

u N/A Damage to load to a dee- |
gree affecting it wdefuls
ness in combat or in-
cronsed probability of
such damage (due to ine
croasod rate of deacent,

for exan ple)

Damage to load to a de- l
gree affecting its useful-
ness in combhat or in-
creased probability of
such damage (due to in-
creased rate of descent,
for example)

N/A

10 N/A Damage to load to a de= l
gree affecting its usefuls ‘
ness in combat or in-
creased probability of
such damage (due to in-
creased rate of descent,

for example)

1l N/A Damage to load to a de- l
gree affecting ity useful-
ness in combat or in-
creascd probability of
such damage (due to in-
crecased rate of descent,

for example)

12 N/A Damage to load to a de- ]
gree affecting its useful-
ness in combat or in-
creased probability of
such damage (due to in-
creased rate of descent,

for example)

Although one!ehlrge o1
ficient to perform the
be employed for redun

Although one charge or
ficient to perform the
be emiployed for redun

Cargo would not he pe
cralt without proper si
ing record

Nt -
Numbers in this column correspond to rotor packing steps in [tem

2, ¢

of this section.




N FAILURES DUE TO HUMAN ERROR (Cuntinued)

Redundancy
and failsafe
features

Commentas

-one charge or cutter-is suf-
perform the task, two will
yed for redundancy

one charge or cutter is suf-
perform the task, two will
yed for redundancy

uld not be permitted on air-
hout proper sign-off on packe
d

Visual inspection and proper sign-off would be the only means
of ensuring proper assembly

Failure to properly attach the cutter and restraint line could
result in a premature deployment of the blades or no deploy-
ment of the blades

Proper sign-off would indicate completed step

Failure to install lanyard would reeult in no deployment of
the blades

Final attachment of the rotor system to the cargo would be
indicated by proper sign-off

Tecti()n.




SECTION IV - FEASIBILITY DEMONSTRATION

GENERAL

Autorotating inflatable rotory wing decelerators for the recovery of des-
cending payloads has been previously demonstrated analytically as a
sound concept for a recovery device, To demonstrate that the concept
also is functional, a model inflatable rotor was designed, fabricated,
and tested, Goodyear Aerospace has concluded from tests that an in-
flatable flexible fabric rotor will assume a steady autorotating state and
decelerate a payload to the desired touchdown velocity.

2, MODEL DESIGN
a., Size:

To design a system that would adequately perform as required and yet
be fabricated within a reasonable time pericd, existing and readily
available components were utilized where possible. The critical part
of the system relative to size determination was that of an inflation sys-
tem, Since simplicity was of major concern, a standard CO2 cartridge

pressure bottle system was incorporated into the design, The pressure-
volume relationships for COZ are known to be at one atmosphere of pres-

sure; there are 34. 56 cu in, of CJO2 per gram of CO2 and the volume is

in direct inverse relationship with absolute pressure. The rotor size
now is determined from Equation 18 for a NASA 0012 airfoil:

2

v = 0.082 b RN . (57)

AF

If we substitute b = 0, 314 R/N (from the definition of solidity), Equa-
tion 18 reduces to:

3
Vap = 0.00404 R°/N ) (58)

Assuming that a 5-psig pressure would be sufficient to provide the neces-
sary steady-state performance characteristics, the available volumes of
COZ for a 4-, 8-, and 12-gm cartridge and resulting rotor radii for N =

2 blades is presented in Table XIII,
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SECTION IV - FEASIBILITY DEMONSTRATION

TABLE XIII - ROTOR DIAMETER AND

CO2 BOTTLE SIZE

Volume at
Size 5 psig
(gm) (cu in. ) R (in.)
4 104 29.5
8 208 37.2
12 312 42.6

Since steady-state experimental data are in existence for a five-foot
diameter system, the final system design diameter for this model was
chosen to be five feet so that, if possible, a performance comparison
and evaluation could be made. Table XIII designates that the four-gram
CO, bottle will be required. Solving for chord length, b, from above
for"a radius of 30 in, and N = 2 yields:

b = 0.314 (30)/(2)

b = 4,75 in,

The selected rotor size will be the following:

R = 30 in,
b = 4.75in.
N =2

The similitude of this system to the full-scale configuration will be that
of a terminal descent velocity of 22 fps, The disk loading to be experi-
enced at this descent velocity will be 0.8 psf and is obta'éned from Fig-
ure 7, The area swept by the blades will be equal to TR and is 19, 6 sq
ft. The thrust produced will be

WL A

w D

W = (0.8)(19.6)
W = 15.68 1b .
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SECTION IV - FEASIBILITY DEMONSTRA TION

b, Material
The blade design configuration is shown in Figure 20, As can be seen,
the blade is comprised of a base cloth, and cover ply (1.30 oz/sq yd
Dacron pattern number 3598). The basic cloth strength is 45 pounds per
inch in the warp direction and 52 pounds per inch in the fill direction, A
special material comprised of tire cord and a leaded elastomer? was
used at the forward blade's leading edge to achieve mass balance ahead
of the forward quarter chord. An additional layer of Dacron material
was placed over the tire cord cap so that a relatively smooth leading edge
could be obtained. Design weights of various components can be found
in Table XIV.
TABLE X1V - MODEL BLADE WEIGHT DE TERMINATION
Base material Approximate coating and Component
weight elastomer weight weight
Description (0z/s8q yd) (oz/sq yd) (l1b)
Base cloth 1.30 1,20 0. 03285
Cover 1.30 1. 20 0. 03285
Cap (leaded) 70,00 0.20250
Cap (outer) 3.32 1, 68 0.01300
Tube o e 0. 00840
Total per blade = 0, 28960
¢. Tip Weight

The tip weight was determined from Equation 36, If total thrust, T, and
total systern blade weight are used, then the system total tip weight can
be determined by

2
0. 7427(W)-WB .5 cos 90 + (VT) tan Bo
TOT ToR
, 28 (59)

Q
TOT (v

cos 0 +
o

a(_}ooclyear Tire & Rubber Pattern XZ 28A263

bGoodyear Tire & Rubber Pattern 15268/1

-73-

uuu..,';'mv_i:

e . " e e e e




SECTION 1V - FEASIBILITY DEMONSTRATION

By substituting numerical values for the symbols as follows:

T = 15,68 1b
: Wy = 0.576 lb
TOT
6, = 3 deg
R = 2.5ft
) VT = fps = 260 fps
QTOT = 0,064 1b ,

the tip weight per blade therefore will be

Q= /N = 0,064/2 = 0.032 1b

QroT

The tip weight design can be found in Figure 21.

3, FABRICATION

Resulting from the relatively small size of this model the most economi-
cal means of fabrication of the AIRMAT portions was to handsew the drop
yarns, Figure 22 depicts the tooling required to handsew the AIRMAT to
the NACA-0012 contour. The general fabrication consisted of first fit-
ting the base cloth around the tool. Prior to this, the material was
cross hatched to form a pattern to ensure systematic stitch spacing.

The drop yarns then were sewn continuously in the radial or longitudinal
direction. Once the sewing was complete, the outer cover was applied
with the proper cementing technique. After curing, the root and tip fit-
tings were installed and then the leaded cover and outer cover applied.
The root fitting design can be found in Figure 21. After leakage checks
the blade was ready for preliminary testing. Figure 23 is a platform
view of the blade. An end view looking at the blade tip can be seen in
Figure 24, The symmetrical airfoil shape can be seen in this view,

The sewing pattern can be seen as the dark straight parallel lines run-
ning longitudinally on the blade surface. Figure 25 is 2 view sighting
along the trailing edge and indicates the straight contour of the blade,

4, TESTING

After fabrication of the blades was completed, a series of preliminary
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Figure 23 - Blade Planform View
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Figure 24 - Blade End View
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Figure 25 - Trailing Edge Contour
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SECTION IV - FEASIBILITY DEMONSTRATION

tests were conducted in order that an estimate of the performance char-
acteristics could be obtained. Testing was conducted in such a manner
that, if necessary, possible detrimental problem areas could be relieved
before damage to the system was encountered.

The first area of testing was that of a proof test on internal pressure to
ensure that any possible overpressure experienced during bottle infla-
tion would not be harmful. The system functioned safely at 10 psig,
which was adequate for the pressure test.

Dynamic balance during steady-state rotation was considered next. To
evaluate this condition a test fixture was assembled and a series of rota-
tional velocities induced into the rotor system. These angular velocities
were obtained by a controlled-rpm motor, The tests had very favorable
results up to an anticipated 300-rpm limit, An increase in weight of
eight grams at the tip of one blade was required to bring the blades into
the same rotational plane. Once the unit was considered to be dynamic-
ally and structurally continuous, a series of preliminary tests were
made with the system mounted on an automobile. With the blades pre-
inflated and initially in a trailing position, a series of runs were made
to evaluate transient spin-up characteristics. For all of the five tests,
the blades assumed an autorotative state when an inflow velocity of ap-
proximately 20 mph was attained. At an inflow velocity of approximate-
ly 35 mph, the test fixture was bent due to excessive thrust produced by
the blades. All tests were performed with the blades at a negative 5-deg
pitch angle, 6.

Following the preliminary spin-up tests, a series of bottle inflation tests
were performed to evaluate the effect of rapid inflation. Figure 26 de-
picts the actuator mechanism and its attachment to the swivel and teeter
bar, Figure 27 shows the adapter required to connect the swivel and
actuator. As can be seen in Figure 28, the blades are then attached to
the teeter bar and although not shown in the picture, rubber tubing from
a Tee fitting at the actuator to the fitting at the blade root provides the
necessary inflation duct. Along with Figure 28, Figures 29 and 30 in-
dicate how the blades appear in a packaged state. The accordion type
pleating as shown appears to be more advantageous than a radial roll,
"his also provides a systematic unfolding of the blade during deployment,

The inflation tests consisted of first inflating the blades in their normal
elongated condition. Since the pressure-volume relationship for this
model is very sensitive to small volume changes, it first was necessary
to remove all residual ambient air from the tlades. The internal pres-
sure was checked on a manometer and determinec to be 6. 5 psig, which
cven though slightly greater than design pressure was still below the
proof test pressure of 10 psig. Following this initial test, the blades
were folded and restrained into shape with a suitable strength cord,
When the CO2 bottle was released, the internal pressure increase within
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Figure 26 - Inflation Actuator and Hub Assembly
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SECTION 1V - FEASIBILITY DEMONSTRATION

Figure 30 - Packaged Blade (Top View)
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SECTION IV - FEASIBILITY DEMONSTRATION

the blades was great enough to break the restraint cords and permitted
the blade to elongate and inflate to their operating pressure of 6.5 psig.

5. FREE-FLIGHT TESTING

A series of five drop tests were conducted to demonstrate the free-flight
capability of the inflatable rotor system. Testing consisted of releasing
the rotor system from a helicopter hovering at altitude. For these tests,
the blades initially were inflated to 6.0 psig and were in a trailing state.
Shown in Figures 31 and 32 are pictures of the autogyro during two suc-
cessful tests. Due to the downwash of the hovering helicopter, three of

the five drops resulted in failure of the rotor to spin up. The lack of spin-
up experienced during the three tests resulted from one of the two blades
entangling in the payload. During the fifth test, one of the blades was dam-
aged and therefore the entire test program could not be completed.

The two successful tests were sufficient to indicate that the inflatable rotor
system would assume an autorotative state. The fact that autorotation be-
gan without any auxiliary device was significant. The results of this test-
ing have demonstrated therefore that an inflatable rotor system has the
capability of autorotating and decelerating a payload to a low descent ve-

‘ locity as required by the Army's airdrop mission.
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SECTION 1

Figure 31 - Frece-Flight Test
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Fioure 32 - Free-Flight Test (Closcup View)
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i APPENDIX A - TRANSIENT SPIN-UP ANALYSIS

1. INTRODUCTION

Contained in this Appendix is a theoretical analysis covering the transient
spin-up portion of the rotor blade deployment,

2, SUMMARY

A ~ An initial mathematical analysis of rotor deployment has been accom-
plished, Aside from the derived analytic relations which enable the sys-
tem to be properly sized, an analytic procedure has been developed for
determining to a first approximation, the variation of the rotor deploy-
ment angle and rotational speed with time for any particular design, By
way of general results, it has been found that the rotor deployment angle
increases linearly with time for a large initial range of angles, The ro-
tational spin-up is accomplished primarily during the first 10 to 20 deg

of rotor deployment,
3. ANALYSIS

The three equations governing the motion of the rotor during deployment
have been derived to be

R, R
[ 'cl'R'Rl 24R = linﬂ[ §‘§R143+nzco-ﬁf g%'(r+}{)R1dR-

(=]

R
K|

/ [(r+X) 02+ (R1P sin g + 4)% + RY g2 cos "]T‘ R1dR, (A-1)

(o]

R R
f %%1-(:'+X)2dR=Qc-j [(r+X)an+(R1bain¢+é)2+
[o] (o]

dK
R1% g% cos ;zs]-d-ﬁ‘l‘ (r + X) dR , (A-2)
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Figure A-1 - Reference for Rotor Deployment
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M

dK

R
d = Mg - sinfl [ [(r + X202+ R10 sin g+ d)% + R1? bzco-"'p]-a-ﬁ‘-‘da.
(o]

(A-3)

Because the lift and drag forces and moments become significant only
after a large amount of spin-up has occurred, the effective blade velocity
may be taken as just the (r + X) {) component throughout the present anal-
ysis. A major benefit realized is the decoupling of Equation A-3 from
Equations A-1 and A-2, In addition, because X/R <<1, the effective
blade velocity may be further reduced by good approximation simply to

r{.

- Because of the complexity of these equations, the general analytical solu~-

tion is expected to be both complex and extremely difficult to develop, .
It was found efficient therefore to concentrate on obtaining approximate
solutions for the initial and final stages of rotor deployment,

"The initial solution for } is:

" CiK, |sin g+ (- cos f) KZX \ ‘ K,X

1 - (KZX)Z K X (sin f + K, X) V! v-(K;,_X)z

1+ KX -\/1 - (K,%)°  1+EX an (B/2) /1 - (K,X)?
L1+ KX +4/1 - (KZX)z 1+ K,X tan (8/2) -\l - (K, % ||

log

(A-4)

‘Since KZX is very small relative to unity (¢.g., 5 or 6 percent), second-

order terms involving (KZX)2 may be neglected. It follows that the second

term in the braces does not contribute significantly over the range of in-
terest, 0= ff = 7/2, Accordingly, the initial solution for {§ may be taken
more simply as

sin § + (1 - cos ) K,X

Q=c (A-5)

X (sin f + K,X)

Note that {) approaches its indicated final value very rapidly relative to
g. For example, when KZX = 0,05,  is upto 87 percent of its ultimate
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value, when §§ has incrcased to only 15 deg, and up to 92 percent and 95
percent of the indicated ultimate when f is 30 deg and 45 deg, respec-
tively. But according to Equation A-2, when {} becomes zero, {} and
g are related according to Equation A -6:

Q. =\/'6/R'15 sin’ g (A-6)

Equating Q £ to the indicated final value of Equation A-5, the constant

of integration, Cl’ is evaluated as

C, = X (sin ﬂf + KZX)\/ES/R'B sin> ¢f [sin P+ (1 - cos ﬁf) sz]

or

C, =~ Xﬁ/KD gin> _¢f . (A-7)

The corresponding initial solution for f§ is given by

g=@-Q R‘gsin3 gy/c, . (A-8)

Note that § increases linearly with time for a large initial range of the
angle, . Furthermore, the ultimate value of f§, indicated by f§ going to
zero, is reached simultaneously with the ultimate rotor speed, {1 _, i.e.,
{} goes to zero simultaneously, Thus, these solution(s) for the initial
stages of rotor deployment have the required characteristics of the com-
plete deployment process.

In the terminal phase of deployment, Equation A-l may be approximated

by the following equation which is more tractable:

Kl}z') = gsinf+ sz [Kl sin § (cos @) -R': sin® ;6] . (A-9)

The corresponding solution for @ is

Yz
B = {-2g cos p/K) + @ 7 [sin® g4 (R[/K ) (s1n f cos § - 9] + G,

(A-10)
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4. APPLICATION

The complete solutionus for ) and @ pass from the initial solutions, Equa-
tions A-5and A-8, to the final solutions, Equations A-6 and A-10, re-
spectively, along smooth transition curves, Such a smooth transition
already has been effected for {) with the evaluation of the constant of in-
tegration, Cl‘ as in Equation A-7. A comparable transition is somewhat

more difficult to achieve in the case of f,

Requiring that both § and § be zero at the end of deployment yields the
two following relations:

g = sz ("K: sin ;af - Kl cos ﬂf) , (A-11)

2g cos }Df = () fZ [Kl 8in® ﬂf + E—Lj (sin ﬂf cos ﬂf - ﬁf) + CK . (A-12)

In addition, for landing to be effected without vertical acceleration, we
have according to Equation A-3:

2 .3 ! 2
Mg = Qf sin ;Af (dKL/dR)R dR . (A-13)
(o]

Equations A-11, -12, and -13 enable self-consistent values of Qf, ﬂf,
and C?_ to be chosen for any given design. The required applied torque,
QC, then is specified by Equation A-6. As for the smooth transition for

g from the values given by Equation A-8 to those available from Equa-
tion A-10 (C2 having been evaluated as above), a simple initial choice at

this time in the abhsence of additional information is for linear weighting
to be used, i.e.,

g =(1—£f—)(6- Q% Ry sin’ g/C)) +

overall

gf— {- 2g cos j?)/K1 + Qf?‘ [sinz g+
1/2

(A-14)

(I_{L/Kl) (sin ff cos @ - ﬂ)] +C,
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Regardless of the weighting choice, Equation A-14 or its equivalent may
be solved for f as a function of time for any particular design isoclinically,
analogically, digitally, or numerically using difference equations. It is
anticipated that the dependence of the results obtained upon the weighting

choice, if reasonable, will prove nominal.
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